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secondary inductor of the second coupled inductor coupled
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1
DC-DC CONVERTER WITH
COUPLED-INDUCTORS
CURRENT-DOUBLER

2

other sides of inductors L 1 , L 2 are coupled together and to
one side of an output 104 (R 0 represents the load at output
104). A filter capacitor C 0 is coupled across output 104. The
other side of output 104 is coupled to the anodes of diodes
FIELD OF THE INVENTION
5 D 1 and D 2 . FIG. lB shows the key waveforms for a DC-DC
converter, such as DC-DC converter 600 (FIG. 6A), having
The present invention relates to power converters, and
conventional current-doubler topology 100. While the recmore particularly, to a coupled-inductors current-doubler
tifiers shown as diodes D 1 , D 2 can be diodes, it should be
topology for a power converter such as a DC-DC power
understood that rectifiers other than diodes can be used, such
10 as synchronous rectifiers.
converter.
However, there are other characteristics that are preferred
BACKGROUND OF THE INVENTION
for the current-doubler when it is used in low output voltage,
high output current DC-DC converters with higher input
Point-of-load DC-DC converters for present and future
voltages. These include lower output current ripple without
generations of ICs for communication systems and micro- 15 increasing the switching frequency much to achieve lower
processors must have challenging specifications that include
output voltage ripple with the smallest output capacitance,
low output voltage and high output current with tight
lower output voltage without decreasing the duty cycle or
regulation, very small ripple under both steady-state and
increasing the isolation transformer turns ratio (larger step
transient conditions, high power and current densities and
down capability), lower input current, and that it can be
high efficiency. All these requirements must be achieved at 20 designed to achieve symmetric transient response at both
a very low output voltage that is expected to drop below 1V
step-up and step-down transients. The latter is preferred in
in the next few years, below 0.6V by year 2010, and below
the Adaptive Voltage Positioning (AVP) technique used to
0.4V by year 2016. Since these devices are required to draw
reduce the output capacitance required for certain transient
high current, that may exceed 100 A in the future, the power
maximum output voltage deviation.
demand will increase dramatically. Therefore, DC-DC con- 25
verter topologies with higher input voltages may be preSUMMARY OF THE INVENTION
ferred over those having lower input voltages.
Most of today's non-isolated low-voltage, high-current
A coupled-inductor current-doubler topology for a power
DC-DC converters are buck derived. Today's isolated DCconverter, includes first and second rectifiers and first and
DC converters for higher input voltages include symmetrical 30 second coupled inductors. Each coupled inductor has a main
and asymmetrical half-bridge, full-bridge, active clamped
inductor inductively coupled with a secondary inductor. The
forward, fiyback forward and push-pull. The secondary side
secondary inductor of the first coupled inductor is coupled in
of the isolated DC-DC converter topology can have different
series with one of the first and second rectifiers and the
topologies such as forward, center-tapped, or current-dousecondary inductor of the second coupled inductor coupled
bler.
35 in series with the other one of the first and second rectifiers.
As the required output voltages become smaller and the
In an aspect of the invention, the power converters is a
input voltages become larger, the required voltage stepDC-DC converter.
down ratio becomes larger, which means larger isolation
In an aspect of the invention, the power converter has a
transformer turns ratio in isolated converters or smaller
primary side coupled to a secondary side, the secondary side
switching duty cycles in non-isolated converters. Smaller 40 including the coupled-inductors current-doubler topology.
duty switching cycles result in a higher input peak current
In an aspect of the invention, the power converter is a
(higher input rms current) and a larger asymmetric transient
two-stage half-bridge buck converter with the coupledresponse. Moreover, lower output voltage converters must
inductors current-doubler topology used as the second stage.
have tight regulation, which requires lower output current
Further areas of applicability of the present invention will
and voltage ripple.
45
become apparent from the detailed description provided
As the required output current increases, the isolation
hereinafter. It should be understood that the detailed descriptransformer secondary winding current becomes larger
tion and specific examples, while indicating the preferred
which increases the winding losses and results in thermal
embodiment of the invention, are intended for purposes of
problems that may block the ability to reduce the transillustration only and are not intended to limit the scope of the
former size required to achieve higher density.
50
invention.
The current-doubler topology is preferred for the secondary side in many power converter applications owing to its
BRIEF DESCRIPTION OF THE DRAWINGS
advantages including current ripple cancellation, higher
current capability, doubled output current and voltage ripple
The present invention will become more fully understood
frequency compared to its switches switching frequency, 55
from the detailed description and the accompanying drawand lower rectification and conduction losses. FIG. lA
ings, wherein:
shows a conventional prior art current-doubler (CCD) topolFIG. lAis a schematic of a prior art conventional currentogy 100 that can be used as the secondary side in a DC-DC
doubler
topology;
converter, such as DC-DC converter 600 (FIG. 6A). CCD
FIG. lB shows the key switching waveforms of the prior
topology 100 is coupled across a secondary winding 607 60
art conventional current-doubler topology of FIG. 1;
(FIG. 6A) of a transformer T 1 (FIG. 6A) at nodes A, B. A
FIG. 2A is a schematic of a coupled-inductors currentrectifier, shown as diode D 2 , has a cathode coupled to one
doubler topology in accordance with the invention;
side of the secondary winding 607 of the transformer T 1 at
FIG. 2B shows the key switching waveforms of the
node A and to one side of a first inductor L 1 . A second
rectifier, shown as diode D 2 , has a cathode coupled to the 65 coupled-inductors current-doubler topology of FIG. 2A;
FIG. 3 is a graph showing normalized coupling step-down
other side of the secondary winding 607 of the transformer
voltage gain of the coupled-inductors current-doubler topolT 1 at node B and to one side of a second inductor L 2 . The

US 6,982,887 B2

3

4

ogy of FIG. 2A compared to the conventional currentdoubler topology of FIG. lA;

Assuming that the coupling coefficient k is equal to one,
the coupled inductors turns ratio, n, is defined as:

FIG. 4 is a graph showing the percentage output current
ripple ratio versus the turns ratio of the coupled-inductors
5
current-topology of FIG. 2A compared to the conventional
current-doubler topology of FIG. lA;

(Equation 1)

FIG. 5 is a graph showing the percentage rms to average
inductor current ratio versus the turns ratio for the coupledFIG. 2B shows the main switching waveforms of the
10
inductors current-doubler topology of FIG. 2A;
CICD topology 200 when a symmetric control scheme is
FIG. 6A shows an isolated half-bridge DC-DC converter
used to control the primary switching devices of the DC-DC
using the conventional current-doubler topology of FIG. 1 as
converter, such as DC-DC converter 650 (FIG. 6B), in which
the secondary side;
CICD topology 200 is used. The coupling configuration of
FIG. 6B shows an isolated half-bridge DC-DC converter 15 the CICD topology 200 causes the shape of the voltage
across Li and L 2 to change from the shape shown in FIG. lB
in accordance with an aspect of the invention using the
for the conventional current-doubler topology 100 of FIG.
coupled-inductors current-doubler topology of FIG. 2A as
lA to the shape shown in FIG. 2B for the CICD topology
the secondary side;
200. This causes the currents through Li and L 2 to be also
FIG. 7 shows simulation waveforms for the DC-DC
20
re-shaped as shown in FIG. 2B and to have more of a
converter of FIG. 6A using the conventional current-doubler
tendency to cancel.
topology of FIG. lA as the secondary side;
FIG. 8 shows simulation waveforms for the DC-DC
Theoretical Analysis and Key Design Equations
converter of FIG. 6B using the coupled-inductors current25
doubler topology of FIG. 2A as the secondary side in
Based on FIGS. 1 and 2, the theoretical analysis and key
accordance with an aspect of the invention;
design equations of the CICD topology 200 compared to the
FIGS. 9A and 9B show the experimental waveforms for
CCD topology 100 is presented in the following discussion.
DC-DC converter 600 (FIG. 6A) having conventional curA Gain Equation. By applying the volt-second balance
rent-doubler topology 100;
30
method across the inductors Li, ~ the gain equations for the
FIGS. lOA and lOB show the experimental waveforms for
CICD topology 200 and the CCD topology 100 can be
DC-DC converter 650 (FIG. 6B) having coupled-inductors
derived as follows:
current-doubler topology 200 in accordance with an aspect
of the invention;
35
(Equation 2)
~
n-1
.
.
FIG. 11 is a schematic of a non-isolated half-bridge buck
- = - D , n > 1 (CICD Topology Garn Equat10n)
Vg
n
topology in accordance with an aspect of the invention using
the coupled-inductors current-doubler topology of FIG. 2A;
and
FIG. 12 is a schematic of a two stage half-bridge buck 40
(Equation 3)
topology in accordance with an aspect of the invention using
~ = D (CCD Topology Gain Equation)
Vg
the coupled-inductors current-doubler topology of FIG. 2A
as the second stage.
FIG. 3 shows the additional voltage step-down ratio that
results from the coupling, in other words, the ratio between
Equations (2) and (3). It can be noticed that larger voltage
step-down is achieved as n decreases and becomes closer to
The following description of the preferred embodiment(s)
1. When n=l, the output voltage becomes zero. A larger duty
is merely exemplary in nature and is in no way intended to 50 cycle can be achieved in the case of the CICD topology 200
limit the invention, its application, or uses.
compared to the CCD topology 100 assuming the same Vg·
FIG. 2A shows a coupled inductors current-doubler
B. Output Current Ripple Equation From FIGS. lB and
(CICD) topology 200 in accordance with the invention for a
2B, and by using the slopes of the step up and step down
power converter, such as for the secondary side of a DC-DC
currents through the inductors Li, L 2 the output current
55
converter (such as DC-DC converter 650 shown in FIG. 6B).
ripple equations for CICD topology 200 and CCD topology
In CICD topology 200, a first coupled inductor 202 has a
100 can be derived as:
main inductor Li inductively coupled with a secondary
inductor Lii that is in series with a first rectifier, shown as
(Equation 4)
n 2V
(n- l)Vg -2nV
diode Di, with a turns ratio n:l where n>l, and a second 60
llico-CICD = Vg(n2 -1)~ (n + 1)
L· f;
coupled inductor 204 has a main inductor ~ inductively
coupled with an inductor L 22 that is in series with a second
= [-n-]2·(l-2D)·
rectifier, shown as diode D 2 , with the same turns ratio. It
n+l
should be understood that rectifiers other than diodes can be
~ (CICD Topology Output Current Ripple)
used for the rectifiers shown as Di, D 2 , such as synchronous 65
L·f;
rectifiers which can be advantageously used for low output
voltage applications.
DETAILED DESCRIPTION OF IBE
PREFERRED EMBODIMENTS

45

0
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6
(Equation 5)
Vswitch-C/CD

Vg-CICD.

n-1
V0
-n- = D' n > 1

(Equation 9)

(CICD Topology Switch Voltage Stress)

5

=(l-2D)-~

=

L·f,

(CCD Topology Output Current Ripple)

10

Vswitch-CCD

Vg-CCD

A way to compare Equations (4) and (5) is to take the ratio
between them to yield:

(Equation 10)

=

where fs is the switching frequency.

=

Vo

D

(CICD Topology Switch Voltage Stress)

By comparing Equations (9) and (10) to Equation (7) that
govern the relationship between Vg-ccD and Vg-cicD, it can
(Equation 6)
b..ico-CICD
[ n ]2
be noticed that the voltage stress across the switches of both
---= n>l
b..ico-CCD
n+1
the CCD topology 100 and the CICD topology 200 is the
same for the same output voltage and design.
For the same output current, the current stress for the
20
switches in DC-DC converters having the CCD topology
FIG. 4 shows the plot of Equation (6) versus n, i.e., the
100 or the CICD topology 200 is also the same since the full
output current ripple ratio between the CICD and the CCD
load current (1 0 ) will flow through one of the switches that
secondary topologies 200, 100, respectively. As can be noted
is turned ON when the other switch is turned OFF in either
from FIG. 4, the CICD topology 200 current ripple
decreases compared to the CCD topology 100 as n 25 case.
E. Inductors Average and RMS Currents. The average
decreases. For example, when n=2, the output current ripple
current per inductor L 1 , L 2 is equal to half of the output
of the CICD topology 200 is about 45% of the output current
current in the CICD topology 200. Considering the rms
ripple of the CCD topology 100. Therefore, even though the
current per inductor L 1 , L 2 , if it is assumed that the inductors
current ripple of each inductor L 1 , L 2 separately is larger for
30 L 1 , L 2 are large enough for the ripple to be very small for
the CICD topology 200 compared to the current ripple of
both topologies, the rms inductor current for the CICD
each inductor L 1 , L 2 separately for the CCD topology 100,
topology 200 can be derived as follows:
the total output current of the CICD topology 200 is smaller.
C. Input Voltage and Input Current. As can be seen from
(Equation 11)
Equations (2) and (3), to keep the same design for the same 35
output voltage and output current at the same duty cycle for
both the CICD topology 200 and CCD topology 100, the
input voltage vg-CICD of the CICD topology 200 should be
Taking the ratio between the rms inductor current and the
larger than the input voltage Vg-ccD of the CCD topology
average
inductor current of the CICD topology yields:
40
100 as follows:
15

n

Vg-C/CD

= ;;-=) · Vg-CCD n > 1

i~s-CICD

(Equation 7)

-.--"
lavg-CICD

)

2D + n 2

(Equation 12)

--2-

n

45

Therefore, the input current ig-cicD of the CICD topology
200 is smaller than the input current ig-ccD of the CCD
topology 100 as follows:

n

ig-C/CD

= ~ · ig-CCD n > 1

(Equation 8)

FIG. 5 shows equation (12) plotted as a function of n and
D. As shown in FIG. 5, as n increases and D decreases, the
rms to average inductor current ratio decreases making the
50 rms current value closer to the average current value. For
example, for n=2 and D=0.35, the rms inductor current is
less than 9% larger than the average inductor current.
Power Converter Topologies

This current is the secondary side current of the isolation 55
As the case for the CCD topology 100, the CICD topology
transformer when an isolated topology is used with any
200
can be used in many isolated DC-DC converter topoloprimary side, such as half-bridge and full-bridge DC-DC
gies as the secondary side of the DC-DC converter, such as
converters. Hence, the isolation transformer secondary side
in the half-bridge and full bridge DC-DC converters, and
current is lower for the CICD topology 200, which can
60 with different control schemes. FIG. 6A shows a prior art
reduce the secondary side winding losses especially for high
isolated half-bridge DC-DC converter 600 with the CCD
output currents.
topology 100 as the secondary side. DC-DC converter 600
D. Switches-Voltage and Current Stresses The voltage
includes a primary side 602 and CCD topology 100 coupled
stress on the switches used in DC-DC converters having
by an isolation transformer T 1 . Primary side 602 is convenCCD topology 100 and in DC-DC converters having CICD 65 tional and includes first and second primary or power
topology 200 can be obtained by applying simple KVL for
switches S 1 , S 2 coupled to a DC input voltage Vin· and
capacitors C 1 , C2 also coupled to input voltage Vin· A
the loop which include one of the switches, yielding:
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junction 604 of capacitors C 1 , C2 is coupled to one side of
a primary winding 606 of transformer T 1 and a junction 608
of switches S 1 , S2 is coupled to the other side of primary
winding 606. Lk designates the leakage inductance of transformer T 1 . The control of switches S 1 , S 2 can be symmetric
or asymmetric, by way of example and not of limitation.
FIG. 6B shows an isolated half-bridge DC-DC converter
650 having a primary side 602 and CICD topology 200 as
the secondary side coupled by isolation transformer T 1 .
Primary side 602 of DC-DC converter 650 is identical to
primary side 602 of DC-DC converter 600 of FIG. 6A and
CICD topology 200 is as described above. Again, the control
of switches S 1 , S 2 can be symmetric or asymmetric, by way
of example and not of limitation.

former leakage inductance and it may reduce the reverse
recovery losses of the primary switches by reducing di/dt.
Simulation Results
5

The half-bridge DC-DC converter 600 with the CCD
topology 100 used as the secondary side (FIG. 6A) and the
DC-DC converter 650 with the CICD topology 200 used as
the secondary side (FIG. 6B) were simulated using Pspice/
10
Orcad to verify the theoretical results discussed above. Input
and output voltages for both simulations were
V;n=36V-75V and V 0 =3.3V, respectively, at full load current I 0 =20 A The switching frequency was equal to f5 =300
15 KHz. To achieve the same duty cycle of about D=0.3-0.35
Comparison Summary between CICD and CCD
at a nominal input voltage of V;n=48V, the isolation transTopologies and Design Considerations
former turns ratio for the CCD topology 100 simulation
schematic was made equal to n;=2 and was made equal to
As shown above in the theoretical discussion, larger
n;=l in for CICD topology 200 simulation with the step
output voltage step-down ratios can be achieved by the 20 down in the CICD topology 200 achieved by a coupled
CICD topology 200 compared to the conventional CCD
inductors turns ratio that was equal to n=2. An inductor
topology 100. Moreover, the output current ripple is reduced
value of L=3 µH was used for L 1 , L 2 . In the simulation for
in the CICD topology 200. It must be noted that even though
the CICD topology 200, the 3 µH inductance was divided
in the CCD topology 100 the ripple can be reduced as D
into 2.4 µH for the main inductors L 1 , L 2 and 0.6 µH for the
becomes closer to 0.5, in practical designs D is not designed 25
coupled inductors L 11 , L22 (in series with the secondary
to be equal to 0.5 for many reasons such as to be able to have
rectifiers D 1 , D 2 ) to realize a coupling ratio of n=2 while
regulation band (band to change D) and not to create a short
keeping the total inductance equal to 3 µH.
circuit condition by overlapping the primary switches S 1 , S 2
FIG. 7 shows the simulation waveforms for DC-DC
(FIG. 6A) ON times. On the other hand, in the case of the
CICD topology 200, for any value of D, smaller ripple can 30 converter 600 (FIG. 6A) having CCD topology 100 while
FIG. 8 shows the simulation waveforms for DC-DC conbe achieved by choosing the appropriate turns ration n for
the coupled inductors. Symmetric transient response can be
verter 650 (FIG. 6B) having CICD topology 200. These
also achieved for the CICD topology 200 by choosing the
simulation waveforms agree with the theoretical results
appropriate n value to make the output current step-up slope
discussed above for the voltage step-down, current ripple,
and step-down slopes equal.
35 and voltage and current stresses.
Even though for the same output voltage and current a
larger input voltage and smaller input current is required in
Experimental Results
the case of the CICD topology 200 compared to the CCD
topology 100, it was shown above that the voltage and
Prototypes of half-bridge DC-DC converter 600 (with
current stresses on the primary switches S 1 , S 2 did not 40
CCD
topology 100 for its secondary side) and half-bridge
change from the CCD topology 100 to the CICD topology
DC-DC converter 650 (with CICD topology 200 for its
200. In fact, since input current in the CICD topology 200,
secondary side) were built in the laboratory to verify the
which is the isolation transformer secondary side current in
theoretical and simulation results discussed above. Input and
isolated topologies, is smaller, the conduction loss may be
output
voltages for both prototypes were V;n=36V-75 V and
smaller and the required diameter of the secondary winding 45
V 0 =3.3 V, respectively, at full load current I0 =20 A. The
of the transformer will be smaller. Moreover, since part or all
switching frequency was equal to f5 =300 KHz.
of the voltage step-down is achieved by the coupled inducTo achieve the same duty cycle of about D=0.3-0.35 at
tors of the CICD topology 200, fewer turns in the primary
the nominal input voltage of V;n=48V, the isolation transwinding of the isolation transformer are needed. Hence, a
smaller isolation transformer can be used. However, the rms 50 former turns ratio for the conventional CCD prototype was
made equal to n;=2, while it was made equal to n;=l in the
current of the inductors L 1 , L2 in the CICD topology 200 is
CICD prototype while the step down is achieved by the
a function of n and D and is better designed to be close to
coupled inductors turns ratio that was equal to n=2. Main
the average current to reduce conduction losses, which was
inductors L 1 , L 2 were set at L=3 µH.
reduced at the CICD input terminals. In practical designs of
the CICD topology 200, it is fair to say that therms current 55
FIGS. 9A and 9B show the experimental waveforms for
will be larger than the average current in the inductors L 1 , L 2
DC-DC converter 600 (FIG. 6A) having CCD topology 100
by about 10% to 20%.
while FIGS. lOA and lOB show the experimental waveEven though the coupling coefficient k of the coupled
forms for DC-DC converter 650 (FIG. 6B) having CICD
inductors should be designed as close as possible to one and
topology 200. These waveforms agree with the theoretical
with minimum leakage inductance to achieve better perfor- 60 results discussed above for the voltage step-down, current
ripple, and voltage and current stresses. However, because
mance in the CICD topology 200, a small leakage inducthe leakage inductance for the coupled inductors in the
tance still exists in practical designs. This leakage inducCICD topology 200 could not be controlled in the laboratance should be designed to be as small as possible for better
performance. When this leakage inductance is very small, it
tory, the individual inductor current waveforms for the
can be utilized toward achieving soft switching for the 65 CICD topology 200 look slightly different than the theoretical waveforms. Reducing this leakage inductance should
primary side switches, such as switches S 1 , S2 of DC-DC
achieve better results.
converter 650 (FIG. 6B), in addition to the isolation trans-
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coupled inductor electrically coupled in series with one
of the first and second rectifiers and the secondary
inductor of the second coupled inductor electrically
CICD topology 200 can be advantageously used in nonisolated topologies. FIG. 11 shows a non-isolated halfcoupled in series with the other one of the first and
bridge-buck (HEB) topology 1100 that utilizes the CICD 5
second rectifiers.
topology 200 and FIG. 12 shows a HEB two-stage converter
2. The coupled-inductor current-doubler topology of
topology 1200 with the CICD topology 200 as the second
claim 1 wherein each of the main inductors of the first and
stage.
second coupled inductors have first and second sides and are
Referring to FIG. 11, non-isolated HEB topology 1100
electrically coupled in series with the second side of the
includes a half-bridge buck (HEB) converter 1102 coupled 10 main inductor of the first coupled inductor electrically
to CICD topology 200. HEB 1102 includes first switch and
coupled to the first side of the main inductor of the second
second switches S 1 , S 2 , and first and second capacitors C11 ,
coupled inductor, the secondary inductor of the first coupled
C22 . One side of switch S 1 is coupled to a voltage source Vin
inductor electrically coupled in series between the first
and a second side of switch S 1 is coupled to a first side of
rectifier and the second side of the main inductor of the
switch S 2 , with the other side of switch S 2 coupled to 15 second coupled inductor, the secondary inductor of the
ground. One side of capacitor C22 is coupled to voltage
second coupled inductor electrically coupled in series
between the second rectifier and the first side of the main
source Vin and the other side of capacitor C22 is a coupled to
a first side of capacitor C11 , the other side of capacitor C11
inductor of the first coupled inductor.
being coupled to ground. CICD topology 200 is coupled to
3. A coupled-inductors current-doubler topology for a
the junction of capacitors C22 , C11 and to the junction of 20 power converter, comprising:
first and second rectifiers;
switches S 1 , S 2 at nodes A and B. Lk designates the leakage
a first coupled inductor that is magnetically separated
inductance of the coupled-inductors 202, 204.
from a second coupled inductor, each coupled inductor
Referring to FIG. 12, HEB two-stage converter topology
1200 includes a primary side, such as primary side 602 (FIG.
having a main inductor inductively coupled with a
6A) and a two-stage secondary side 1202 coupled to primary 25
secondary inductor, each main inductor having a first
side 602 by isolation transformer T 1 . The first stage of
side and a second side;
secondary side 1202 includes a half-bridge-buck converter
the main inductors electrically coupled together in series
topology and will be referred to as HEB 1204. HEB 1204
with the second side of the main inductor of the first
feeds a second stage 1206, which is CICD topology 200.
coupled inductor electrically coupled to the first side of
HEB 1204 includes first and second switches S 1 , S 2 , and 30
the main inductor of the second coupled inductor;
first and second capacitors C1 , C2 . A first side of switch S 1
the secondary inductor of the second coupled inductor
is coupled to the cathode of diode D 2 b and the other side of
electrically coupled in series with the second rectifier
switch S 1 is coupled to a first side of switch S 2 . The other
and the main inductor of the first coupled inductor; and
side of switch S 2 is coupled to a first side of capacitor C1 and
the secondary inductor of the first coupled inductor electrically coupled in series with the first rectifier and the
to the junction of inductors L 1 b, L 2 b. The other sides of 35
main inductor of the second coupled inductor.
inductors L 1 b, L 2 b are coupled to opposite sides of the
4. The coupled-inductor current-doubler topology of
secondary winding of isolation transformer T 1 and to anodes
of diodes D 1 b, D 2 b, respectively. The other side of capacitor
claim 3 wherein the secondary inductor of the first coupled
C1 is coupled to a first side of capacitor C2 and the other side
inductor is electrically coupled between the second side of
of capacitor C2 is coupled to the cathodes of diodes D 1 b, D 2 b. 40 the main inductor of the second coupled inductor and the
CICD topology 200 is coupled to the junction of capacitors
first rectifier and the secondary inductor of the second
C1 , C2 and to the junction of switches S 1 , S 2 of HEB 1202.
coupled inductor is electrically coupled between the first
The HEB topology with the CICD topology 200 provides
side of the main inductor of the first coupled inductor and the
a voltage step-down ratio of two because of the half-bridge
second rectifier.
configuration in addition to the voltage step-down provided 45
5. The coupled-inductor current-doubler topology of
by the coupled inductors of CICD topology 200, which can
claim 3 wherein the rectifiers are selected from the group
provide an extended duty cycle especially at low-output
essentially consisting of diodes and synchronous rectifiers.
6. A power converter, comprising:
voltages compared to the two-phase buck topology. Moreat least a first side coupled to a second side by a transover, when the HEB topology is driven symmetrically, the
current sharing between its two channels is achieved without 50
former;
the need for current sharing control because of the balance
the second side including a current-doubler; and
that capacitors C11 and C22 provide, and when asymmetric
the current-doubler having first and second rectifiers, a
control is used, soft-switching can be achieved for S 1 and S2 ,
first coupled inductor that is magnetically separated
which can not be achieved in a two-phase buck converter.
from a second coupled inductor, each coupled inductor
The description of the invention is merely exemplary in 55
being magnetically separated from the transformer and
nature and, thus, variations that do not depart from the gist
having a main inductor inductively coupled to a secof the invention are intended to be within the scope of the
ondary inductor, the main inductors electrically
invention. Such variations are not to be regarded as a
coupled to a secondary winding of the transformer and
the secondary inductors electrically coupled in series
departure from the spirit and scope of the invention.
60
What is claimed is:
with respective ones of the first and second rectifiers.
1. A coupled-inductor current-doubler topology for a
7. The power converter of claim 6 wherein the secondary
power converter, comprising:
inductors are electrically coupled in series between respecfirst and second rectifiers; and
tive ones of the first and second rectifiers and respective
junctions of the main inductors and the secondary winding
a first coupled inductor that is magnetically separated
from a second coupled inductor, each coupled inductor 65 of the transformer.
8. The power converter of claim 6 wherein the main
having a main inductor inductively coupled with a
inductor of a first one of the coupled inductors has a first side
secondary inductor, the secondary inductor of the first
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electrically coupled to a first side of the secondary winding
of the transformer at a first junction and a second side
electrically coupled to a first side of the main inductor of the
second one of the coupled inductors, the main inductor of
the second one of the coupled inductors having a second side
electrically coupled to a second side of the secondary
winding of the transformer at a second junction, the secondary inductor of the first coupled inductor electrically
coupled in series between one of the rectifiers and the second
junction, the secondary inductor of the second coupled
inductor electrically coupled in series between the second
one of the rectifiers and the first junction.
9. The power converter of claim 8 wherein the power
converter is a DC-DC converter.
10. The power converter of claim 6 wherein the first and
second rectifiers are synchronous rectifiers.
11. The power converter of claim 6 wherein the first and
second rectifiers are diodes.
12. A power converter, comprising
a half-bridge buck topology coupled to a coupled-inductors current-doubler topology, the coupled-inductors
current-topology including:
first and second rectifiers; and
a first coupled inductor that is magnetically separated
from a second coupled inductor, each coupled inductor having a main inductor inductively coupled with
a secondary inductor, the secondary inductor of the
first coupled inductor electrically coupled in series
with one of the first and second rectifiers and the
secondary inductor of the second electrically
coupled inductor coupled in series with the other one
of the first and second rectifiers.
13. The power converter of claim 12 wherein each of the
main inductors of the first and second coupled inductors
have first and second sides and are electrically coupled in
series with the second side of the main inductor of the first
coupled inductor electrically coupled to the first side of the
main inductor of the second coupled inductor, the secondary

inductor of the first coupled inductor electrically coupled in
series between the first rectifier and the second side of the
main inductor of the second coupled inductor, the secondary
inductor of the second coupled inductor electrically coupled
in series between the second rectifier and the first side of the
main inductor of the first coupled inductor.
14. A power converter, comprising:
a primary side coupled to a secondary side by a transformer, the secondary side including a half-bridge buck
topology coupled to a coupled-inductors current-doubler topology, the coupled-inductors current-topology
including:
first and second rectifiers; and
a first coupled inductor that is magnetically separated
from a second coupled inductor, each coupled inductor being magnetically separated from the transformer and having a main inductor inductively
coupled with a secondary inductor, the secondary
inductor of the first coupled inductor electrically
coupled in series with one of the first and second
rectifiers and the secondary inductor of the second
coupled inductor electrically coupled in series with
the other one of the first and second rectifiers.
15. The power converter of claim 14 wherein each of the
main inductors of the first and second coupled inductors
have first and second sides and are electrically coupled in
series with the second side of the main inductor of the first
coupled inductor electrically coupled to the first side of the
main inductor of the second coupled inductor, the secondary
inductor of the first coupled inductor electrically coupled in
series between the first rectifier and the second side of the
main inductor of the second coupled inductor, the secondary
inductor of the second coupled inductor electrically coupled
in series between the second rectifier and the first side of the
main inductor of the first coupled inductor.
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